Rice-straw treated with 5 % ammonia water was hydrolyzed with the /?-xylanase of Streptomyces sp. E-86, and four kinds of hetero-oligosaccharides, two arabinoxyloand two glucuronoxylooligosaccharides, were isolated from the hydrolysate by charcoal column, gel filtration, ion-exchange, and aminopropyl silica column chromatographies. The structures of the oligosaccharides were identified as 32-a-L-arabinofuranosyl-xylobiose, 32-<z-L-arabinofuranosylxylotriose, 23-4-0-methyl-a-D-glucuronosylxylotriose, and 23-a-D-glucuronosylxylotriose by the analysis of component sugar, partial acid hydrolysis, methylation analysis etc. Based on the structures of above oligosaccharides, the structure of rice-straw arabinoglucuronoxylan and the specificity of the xylanase toward the xylan are discussed.
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Xylanase is a hydrolytic enzyme hydrolyzing the (l ->4)-/?-D-xylopyranosyl linkages of xylans, and has been reported1} to occur in various sources such as microorganisms, protozoa, and insects. The xylanase is useful for the study of structures of plant cell-wall xylans and their use. Therefore, considerable attention has been devoted to the substrate specificity of xylanase. In previous papers,2 '3) we reported the structure of xylan in corncobs and the specificity of Streptomyces sp. E-86 xylanase toward the xylan. However, the specificity for glucuronoxylan
was not yet clear.
In this paper, we isolated four kinds of hetero-oligosaccharides from a hydrolysate of rice-straw xylan with Streptomyces xylanase. Based on the structures of the oligosaccharides, we discuss the constitution of rice-straw xylan, the substrate specificity of the xylanase 449 toward the xylan, and the differences in the action mode between the xylanase and other enzymes.
Materials and Methods
Enzyme. The /?-xylanase4) purified from the culture filtrate of Streptomyces sp. E-86 was used for the partial hydrolysis of arabinoglucuronoxylan in rice-straw. The enzyme preparation was homogeneous on denaturing (SDS) 5) and nondenaturing6) polyacrylamide gel electrophoresis.
The enzyme assay and definition of enzymeunit were in our previous paper.7)
Rice-straw. Air-dried rice-straw, HOOg(985g of dry matter inducing 243g of total pentose analyzed by orcinol-hydrochloric acid method8)), was cut into about 10mmlengths. The rice-straw was then soaked in 9800ml of 5%ammonia water at 30°C for 6 days, to promote the enzymatic susceptibility of arabinoglucuronoxylan in rice-straw. After washing the solid material with water until the pH of the washed liquor became about 5.7, the f Offprint should be requested from I. Kusakabe.
hydrochloride. Measurement of sugar. Reducing sugar was measured by the method of Somogyi12) with xylose as a standard. Total sugar was measured by the methods with orcinolhydrochloric acid8) and phenol-sulfuric acid13) with xylose as a standard. The degree of polymerization (DP) of oligosaccharide was estimated by a modification of the method3) of Timell14) using orcinol-hydrochloric acid.
Paper partition and thin-layer chromatographies {PPC and TLC were hydrolyzed under the conditions described above. The resultant hydrolysates were dried to remove TFAon a rotary vacuum evaporator. The sugar samples were then hydrogenated with sodium borohydride and acetylated with 1 ml of a mixture of equal portions of pyridine and acetic anhydride. The alditol-acetate derivatives so obtained were analyzed by gas-liquid chromatography.
Partial hydrolysis of oligosaccharides-III
and -IV by acid. A reaction mixture was composed of 400 jig of sugar sample and 0.5ml of 10% TFA. The mixture was poured into an ampoule, heated in boiling water for 5, 15, 30, 60, or 120min, and then quickly cooled in ice water. The resultant hydrolysates were dried to remove TFA, dissolved in small quantities of water, and then the hydrolysis products were characterized by TLC.
Methylation analysis. Five mg of sugar samples (original oligosaccharide
or the oligosaccharide after hydrogenation) was methylated by the method of Ciucanu and Kerek.16) The methylated sugars were hydrolyzed with 10% TFA at 100°C for 2hr and converted into alditolacetate derivatives by the method described above. The resultant derivatives were analyzed by gas-liquid chromatography.
Gas-liquid chromatography (GQ. GC was done on a Shimadzu GC-8Agas chromatograph with a stainless steel column of 3% ECNSS-Mon Uniport HP at 180°C (for alditol-actates) or at 155°C (for alditol-acetates of methylated sugars) with nitrogen as the carrier gas at the flow rate of 50ml per min.
Gas chromatography-mass spectrometry (GC-MS). Mass spectra (30eV) were recorded on a JEOL JMS-D 100 combined gas chromatograph-mass spectrometer with an ionization current of 300/iA and an ion-source temperature at 270°C.
Results
Enzymatic hydrolysis of rice-straw and elimination of xylose and (3-1,4-xylo-oligosaccharides from the hydrolysate by yeast The alkali-treated rice-straw, 1 1 17g of airdried matter obtained above, was added to 6500 ml of enzyme solution containing 478,000 units of xylanase activity. The enzymereaction was done at pH 5.7 and 55°C in a stainless steel vessel with an agitator at about 200 rpm. After the enzyme reaction for 12hr, the resultant slurry was filtered by centrifugal filtration to remove solid materials. The filtrate was heated to 85°C for 5min to inactivate the enzyme activity, and concentrated to about one-third (2100ml) of its original volume. The concentrate contained 172g as total sugar and 88.2g as reducing sugar. Figure 1 shows the sugar composition in the hydrolysate (concentrate). The PPC (E in Fig.  1A were combined, concentrated, and rechromatographed by the same method for further purification. Oligosaccharide-II of 92 mg was obtained. Oligosaccharides-I and -II thus obtained were homogeneous on PPC (I and II in Fig.  1A ) and also on TLC (data not shown).
ii) Oligosaccharides-HI and -IV. Sixty ml of the concentrate was put on a column (30 x270mm) of Dowex 1X2 (100-200 mesh, Dow Chemical) pre-equilibrated with 0.1 m acetic acid, at a flow rate of60ml per hr. After this was washed with 0.1m acetic acid to removethe neutral sugars, oligosaccharides-III and -IV in the column were eluted by a linear gradient of 0.1-1.5 m acetic acid (500ml each). The eluent was fractionated into 12-ml portions. Total sugar content in each fraction tube was measured by the phenol-sulfuric acid method, 13) and sugar composition was examined by TLC. Fraction tubes 92-127 (containing 1.5 g as total sugar) were combined and neutralized with sodium hydroxide solution.
The sugar solution was put on a charcoal column to remove the salts, and oligosaccha- Figure 2 shows that two oligosaccharides were separated by the procedure. Oligosaccharide-III (74mg) and -IV (152mg) were obtained after 12 repeats of the chromatography, and were homogeneous on TLC (III and IV in Fig. IB) . In addition, the spot which had an Rfvalue lower than xylotriose, at a glance, looked like a single spot comprised of a kind of sugar on PPC and TLC (Y in Fig. 1A ). However, it was proved by the charcoal column chromatography that the spot was made up of the superposition of several kinds of oligosaccharides. Therefore, we did not run it after the oligosaccharides, because it was difficult to yield substantial quantities necessary to the characterization of the sugar.
Characterization oligosaccharides-I, -II, -III, and -IV Table I shows component sugars, DPs, and specific rotatory values, and Table II and had the DP of 3.0 (Table I) . On methylation analysis, the orig- (Table  II) ND, not determined. the a-configuration.
From the foregoing results, oligosaccharide-I is proposed to be 32-a-L-arabinofuranosylxylobiose.
ii) Oligosaccharide-IL This sugar was composed of arabinose and xylose in the molar ratio of 1 :2.9, and had a DP of4.0 (Table I) . The results of methylation analysis (Table II) , suggested that oligosaccharide-II had the structure of 32-L-arabinofuranosylxylotriose. The [a]D value of the sugar was -85° (Table I) .
Based on Hudson's isorotatory rule, the larabinofuranosyl anomer of oligosaccharide-II was the a-configuration.
i i i ) Oligosaccharide-III. This sugar was composed of (4-OMe-GlcUA) and xylose in the molar ratio of 1 : 3.0. 4-0-Me-GlcUA was identified by comparing with authentic 4-mono-O-methyl-l,2,3,5,6-penta-(9-acetylglucitol which was derived from 4-O-MeGlcUAXj after hydrogenation with EDC and sodium borohydride, followed by hydrolysis and conversion into alditol-acetate. On the other hand, the methylation analysis of the sugar after hydrogenation with EDC and sodium borohydride showed the pres- shown that methylated oligosaccharide-IV contained all the sugar residues present in methylated oligosaccharide-III (Table  II) . But oligosaccharide-IV did not contain 4-O-Mq-GIcVAX, (TLC at right of Fig. 3 ). From analogy with oligosaccharide-III, it can be deduced that the proposed structure for oligosaccharide-IV was 23-glucuronosylxylotriose.
The possible structures of oligosaccharides- This is the first information on the presence of two kinds of uronic acids in the xylan of ric-straw.
2) The arabinoglucuronoxylan is composed of the main-chain of (1-^-linked /?-D-xylosyl residues to which are directly attached a-L-arabinofuranosyl stubs at the O-3, and a-D-glucuronosyl or 4-O-methyl-a-Dglucuronosyl stubs at the 0-2 of the xylosyl residues of the main-chain. The structures is illustrated in Fig. 5 . The figure indicates that the rice-straw arabinoglucuronoxylan did not have other kind of stub such as the 2-(9-/?-D-xylopyranosyl-L-arabinofuranosyl units3) in the arabinoxylan of corncobs, because we could not find oligosaccharide having stubs in the xylan. Therefore, the arabinoxylan in rice-straw is the same as the structure of rice-straw arabinoxylan, proposed by Takenishi et al., 18) extracted with about 10% NaOHsolution. However, they did not point out that the xylan of ricestraw has stubs of two kinds of glucuronic acid. 2) Xylo-oligosaccharides such as xylobiose to xylotetraose were derived from the longer regions of the main-chain having no arabinose stub, and the resultant xylo-oligosaccharides were then hydrolyzed to finally produce xylose and xylobiose.
3) Figure 5 shows the specificity of xylanase toward the stubs of arabinoglucuronoxylan. The xylanase hydrolyzes the first /?-1,4-linkage or the second /?-l,4-linkage from a xylose residue having an arabinose stub in the direction of non-reducing end. It seems, however, that the xylanase has a higher specificity for the first linkage because the molar ratio of oligosaccharides-I and -II was 1.7: 1. Thus, the substrate specificity of Streptomyces sp. E-86 xylanase is different from that of Aspergillus niger xylanase I, 18) because xylanase I produced only arabinoxylo-oligosaccharides having arabinose at the reducing end xylose of the mainchain, such as B^a-L-arabinofuranosylxylobiose and B^a-L-arabinofuranosylxylotriose.
On the other hand, Streptomyces sp. E-86 xylanase hydrolyzed only the /M,4-linkage of the non-reducing end of a xylose residue having glucuronic acid. Such the substrate specificity of xylanase is similar to that of other enzymes such as Sporotrichum, 20) Trametes hirsata,21) and Tyromyces,ll) but is somewhat different from that of Tyromyces that produces 4-0-methyl-glucuronic acid. The specificity of Streptomyces sp. E-86 xylanase toward arabinose stubs is more or less different from that toward 4-(9-methylglucuronic acid or glucuronic acid stubs. However, it is not clear whether the difference is due to the distinction between neutral sugar (arabinose) and acidic sugar (glucuronic acid) or the distinction between two kinds of linkages (1,3-and 1,2-linkages).
